Abstract: This paper introduces an urban growth simulation model applied to the full scope of China. The model uses a multicriteria decision analysis to calculate the land conversion probability and then integrates it with a cellular automata model. A nonlinear relationship is incorporated in to the model to interpret the impacts of different Land Use and Cover Change driving forces. The Analytical Hierarchical Process is also implemented to compute the variance between weights of different factors. Multiple sizes of neighborhood and different urban ratios in the model rules are tested, and a 5 × 5 neighborhood and an urban threshold of 0.33 are chosen. The study demonstrates the importance of spatial analysis on socioeconomic factors, population, and Gross Domestic Product in land use change simulation modeling. The model fills the gap between the purely economic theory simulation model and the geographic simulation model. The nationwide urban simulation is an example that addresses the lack of urban simulation studies in China and among large-scale simulation models.
Introduction
There has been long-term steady urban growth worldwide. Developing countries have been the major contributors to urbanization. In 2018, nine out of the top 10 largest cities in the world were located in Asia. It is projected that the number of urban populations will double and the urban area will triple in size by 2030 [1] . Urban expansion has increased at a higher rate than the urban population, and rapid expansion has led cities to face enormous challenges [1] , such as uncontrolled informal settlement, insufficient urban service [2] , climate change and global warming [3, 4] , negative effects on social-environmental responses [1, 5] , and consumption of agriculture and natural land [6] .
Research from multiple disciplines has addressed the importance of studying urban growth to better understand the occurrence and consequences of urban expansion and to explore urban sprawl across space and over time [2, 6, 7] . Simulations of the future urbanized area can assist the government and urban planners in policy making, land use, and land management in response to fast economic development and rapid population growth. Such simulations are typically generated using urban growth models and mapped with GIS and remote sensing techniques.
Cellular automata (CA) models for urban growth simulation have proliferated over the past 20 years due to their simplicity, flexibility, and intuitiveness [8] . CA was first developed by S. Ulan and J. von Neumann in the 1940s and applied as a theoretical approach for the simulation of urban expansions in the 1980s [9] [10] [11] . The assumption of CA models is that future patterns of land use will be affected by past urban development through local interactions [8] , so the development of computing power led directly to the emergence of operational CA models. CA models are effective and reliable in
•
Transition rules: One of the most commonly used rules is transition potential. It is usually calculated as the weighted sum of a number of factors, including road accessibility, distance to urban centers, slope, accessibility to railways and water, planning and environmental factors, suitability for development, population density, and Gross Domestic Production (GDP). GDP is the most commonly used factor in the majority of the research [25, 33] . Different techniques can be used to calculate the transition potential, such as logistic regression or multicriteria evaluation [28] .
Cell space: The cell space can be irregular and non-uniform, for example, graphs [34, 35] .
The neighborhood space can be extended with a distance-decay effect or defined differently according to its state and location [36] .
Cell states: Most urban simulation models make transitions between two states: urban and non-urban. Some models extend the transition to multiple land uses using a Markov chain [37] .
The integration of CA models with GIS and AHP is widely used to simulate land use changes. However, most of the models are used at regional scales and only a few of them are at a large scale. The aims of this study are (1) to develop a prototype simulation model for national-scale urban simulation studies by integrating GIS and CA and (2) to analyze the sensitivity of the model with respect to:
The neighborhood size: How does the size of the neighborhood affect the simulation results? What is the best fitted neighborhood size in this study? • The urban ratio: How does the urban ratio in a transition rule affect the urban growth speed? What is the most appropriate urban ratio in this study?
We employ the transition probability as a transition rule in the model. AHP is used to determine the weights of multiple land use change drivers. China is used as a case study to test the model.
Study Area
China has the fourth largest land area in the world. Its urbanized area has experienced a fast-expanding period over the past 40 years. The urban population in China is anticipated to reach a level higher than 70% by 2035 [38] . The number of cities increased from 193 to 658 between 1978 and 2013 in China [39] .
China also has a very diverse urban area across more than 650 cities. The rate of urban expansion across cities has varied from 0 to over 90%, showing a broad spatial and temporal variability [33] . In Deng et al.'s (2008) econometric model, GDP (or income) is a positive and highly significant coefficient, and it was shown to explain nearly 40% of the variability of the urban core expansion in the model [33] . By comparing the model with both economic (such as GDP, population, agricultural investment) and geographical factors (such as existing urban area, highway density, distance to port cities and provincial capital, rainfall, slope, temperature, elevation) with a model that includes only geographical factors, the authors concluded that geographical variables play the major role in explaining the diversity across space in urban core expansion, while economic factors measure their impacts more precisely [33] .
Combining urban growth drivers from past urban simulation studies and Deng et al.'s research of urban expansion in China, we chose seven factors as the urban growth drivers for generating land conversion probability, which are displayed in the Data section.
Data
All spatial datasets were projected into the same coordinate system, China Albers Equal Area Conic, in meters. Euclidean distances were generated from the city center, railway, major roads, and rivers in ArcMap, and then clipped to China's boundary files (Table 1) . Missing data values in the layer of the slope, land use in 2000, or population per hectare were converted to 0 for better calculation. 
Methods

Algorithm
In a cellular automata model, the state of a cell at time t + 1 is the result of its own state at time t and the state of its neighbors under certain conditions. In this urban growth research, the state of the cell at t + 1 (1) is a function of (a) its own state at time t; (b) the land suitability score generated by the multicriteria analysis on independent drivers; and (c) its neighbors' states under specific rules, which is explained in the next section.
where S t+1 is the state of the cell at time t + 1, and p t is the land conversion probability. Equation (1) used random numbers to decide whether to change the state of the cell based on p t . In this research, Moore's eight-cell neighborhood was chosen initially. N t represents the neighborhood Land Use and Cover Change (LUCC) change rules:
Calculate the urban ratio of the cell: The number of urban neighbors in a total neighborhood of N (e.g., Moore Neighborhood is 8), which indicates an X/N urban ratio. The urban ratio should be equal to a user-defined urban ratio.
2.
Compare a randomly generated number between 0 and 1. The random number should be smaller than the land suitability of the cell.
Stochasticity is included in the LUCC process. All the non-urban cells meeting the requirements at the same time are converted from non-urban to urban. If the random number is lower than p t and the urban ratio is equal to a defined one, the cell meets requirements and is input into the next run of calculations. Otherwise, the cell remains the same and waits for the next iteration of calculations. Therefore, cells with high land suitability scores have a greater chance of conversion to urbanized land ( Figure 1 ). The process of randomness simulates real-world land use changes that are caused by subjective factors. Equation (2) explains the process for calculating land suitability scores. X represents multiple factors and w is the weight assigned to each factor. There are seven independent factors: distance to city center, distance to highway, distance to railway, distance to river, slope, GDP, and population. The AHP method was employed to determine the weights of various factors and reach a balanced combination. The land conversion probability was generated by the weighted sum of factors. Equations (3) and (4) express the relationship between each independent geographical factor and the land use change probability. D is a factor and 'a' is a parameter that controls the growth speed. D 1 represents factors that are negatively related to urban expansion. For example, the land conversion probability becomes larger when moving close to city and town centers. The land conversion probability increases when building in a flatter area. Therefore, 'a' is a positive number for normalizing the scale of multiple factors and maintaining the negative relationship. However, the GDP and population factors play different roles. GDP is a highly significant coefficient in an ordinary least-squares estimator of the expansion of the spatial size of Chinese cities which is positively related to the size of the urban area [33] . Clusters of population attract new land development. Therefore, different from Equation (3), Equation (4) was used to fit the positive relationship between the GDP, population, and urban area size. The formula showed an increasing growth rate at first, and then the growth rate decreased, which simulates the correlation between GDP and urban growth in China. There is also a parameter 'b' in the formula that normalizes the scales of factors.
The AHP was finished in three consecutive steps. The first step was to calculate the vector of criteria weights based on a pairwise matrix. Saaty (1987) introduced a table of relative scores when making the pairwise comparison: 1:1 means that the two factors are equally important, 3:1 represents slightly more importance, 5:1 means moderate importance, 7:1 demonstrates stronger importance, and 9:1 indicates that one in the pair is much greater than the other [40] . In the matrix, a jk represents the relative importance of the jth criterion to the kth criterion. The relative importance of those parameters is achieved by consulting and surveying the opinions of 10 experts in city planning and urban growth.
Based on Saaty's theory, the criteria weight vector w was built ( Table 2 ). The final result gave GDP a very significant weight of 0.43 and Population Per Hectare (PPH) was given a weight of 0.32, while the weights of the remaining physical geography factors were below 0.1.
Due to the variety in their scales, each geographic factor has a distinct parameter a, and each socioeconomic factor has a parameter b to standardize the scales of the factors. Equations (5) and (6) were used to standardize the scales of both geographic factors and socioeconomic factors on a scale of 0-1.
Model Implementation
The model was attached to the python module in ArcMap, which used ArcPy to link between the GIS software and Python. Through the connection, additional functions were implemented in ArcMap. Parameters 'a' and 'b' were calculated to ensure all the factors were on the same scale, from 0 to 1. Then, Formulas (3) and (4) were applied. A weighted sum was calculated. Then, a weighted layer was generated and saved for use in the CA model. The detailed process is shown in (Figure 2) .
The model ran from the left upper corner of the NumPy array. New land use changes were generated in separate layers. The model iterated by using the previous output LUCC layer as its input and repeating the same process.
The neighborhood definition and LUCC rules can be easily modified through programming. Therefore, different scenarios were used to test the model's stability and to validate the model, as discussed in Section 5. * The numbers represent the relative scores of each factor compared to the distance to the city center (Dist_CityCenter). Dist_CityCenter = Distance to City Center, Dist_Road = Distance to Road, Dist_River = Distance to River. The numbers represent the relative scores of each factor compared to the distance to the city center (Dist_CityCenter).
Edge Pixels
The edge cells of the map do not have the same number of neighborhoods as the center cells. In a 3 × 3 neighborhood simulation, a simple model starts from the second cell of the second line to the second last cell of the second last line (black window in Figure 3 ), leaving the outermost boundary cells out of the simulation. There are no urban cells in the outermost boundary, so this is an easy way to solve the edge problem without edges. However, if the number of neighborhoods keeps increasing, there will be an increasing number of errors and bias using the previous method. Therefore, new rules had to be defined to include the edge cells in the model.
We expanded the original land use map with an outer boundary filled with the number 2 to solve the issues of neighbor overflow (Figure 3 ).
where W O represents the width of the added outer boundary, and L n represents the length of the neighborhood. Equation (7) ensures that the original edge cells have the same number of neighborhoods as the center cells. We started the simulation from the first cell in the first line of the original land use map and calculated the ratio of urban cells by Equation (8) . R e represents the urban ratio of edge pixels, N u represents the number of urban pixels whose state is 1, and N s represents the number of pixels whose state is less than 2. Equation (8) is a convenient way to separate necessary pixels, so the number of the neighborhoods can easily be modified. 
Parameter Tests
To improve the results of the model, besides the modifications to the edge effects, there were still two parameters in the model which could be adjusted: the number of neighborhoods and the urban ratio threshold. We modified the original rules: if the urban ratio of a non-urban cell's neighborhoods was over a certain threshold, and the generated random number was greater than the cell's land suitability at the same time, the cell became an urban cell and was exported to the new layer. In this new rule, two parameters were edited to evaluate their influence on the final results of the model. Then, we performed multiple tests on different sizes of the neighborhood with the same urban ratio, and then changed the urban ratio threshold, expecting to understand the role that these two parameters play in this model.
Neighborhood Size Tests
We tested the Moore Neighborhood first and began with an urban ratio of 0.375. Then, we increased the number of neighborhoods while keeping the urban ratio stable at 0.375, and performed different tests (Figure 4) .
With a neighborhood of 3 × 3, almost 95% of the existing urban cells were surrounded by new urban cells. The smallest urban area with new urban growth had only two original urban cells. The new urban growth was 5201 km 2 .
With a neighborhood of 5 × 5, the smallest urban area with new urban growth had seven original urban cells. The larger the historical urban area was, the more new urban cells that grew adjacent to it. New urban cells not only appeared next to existing cells but also accumulated near newly grown cells. Therefore, the original large urban areas, such as the city of Beijing and the city of Tianjin, were enlarged by a circle of new urban cells. This simulation with a 5 × 5 neighborhood had the largest new urban growth: 6467 km 2 . With a neighborhood of 7 × 7, a large number of small existing urban clusters remained the same after this simulation. Around large urban clusters, some new urban cells were not tied closely to the edges. They extended close to but not directly adjacent to urban clusters. Starting from this simulation, the computation time of one simulation increased exponentially if we increased the neighborhood size. The new urban growth decreased to 5887 km 2 .
With larger neighborhoods, only a few metropolitan clusters expanded with new urban cells, which is not true in reality because most urban growth results from suburban sprawl.
Due to the stochasticity in the model, the results were different each time, so we ran each test 10 times and calculated the average number of simulated urban pixels (Figure 4 ). There was a regular pattern in the results. The simulated urban development was shown to grow when the number of neighborhoods increased and reached a peak at around 5 × 5. After that, the number of changes started to decrease with the continuous increase of neighborhoods. The variation among those results was not obvious. In Figure 4 , there is a difference of around 1300 pixels between the peak number of changes at 5 × 5 and the fewest changes at 3 × 3. When we conducted simulations using neighborhoods of 3 × 3 and 5 × 5, new urban cells occurred adjacent to a small area of original urban land use, which is true in reality. However, when the simulation was performed with an increasing number of neighborhoods, new urban cells only occurred adjacent to a large area of original urban areas (See Supplementary Material).
Urban Ratio Tests
After testing different sizes, the combination of 3 × 3, 5 × 5, and 7 × 7 neighborhoods stood out and generated the most realistic results. In the following tests, we kept the neighborhood size stable while changing the urban ratios (Table 3) .
With a 3 × 3 neighborhood, the urban growth after one simulation had large variance between the simulation using an urban ratio of 0.25 (two urban cells out of eight neighborhoods) and that using an urban ratio of 0.375 (three urban cells out of eight neighborhoods) ( Figure S1a ). The new urban area generated by the former was 9939 square kilometers, which is almost twice the latter. However, there was less variance between the simulated urban growth using urban ratios of 0.375 and 0.5 (four urban cells out of eight neighborhoods). Their urban growth results were almost the same: around 5200 km 2 .
The simulation generated by a 5 × 5 neighborhood showed a similar trend to the previous simulation ( Figure S1b ). It had 6506 new urban cells, with an urban ratio of 0.375 (nine urban cells out of 24 neighborhoods) and 32% more urban cells with an urban ratio of 0.33, which means the new urban cells had at least eight urban neighbors. With an urban ratio of 0.5, the simulation generated 32% fewer urban cells compared to that with a 0.375 urban ratio.
The pattern was similar for a 7 × 7 neighborhood ( Figure S1c) . The results showed a new urban area of 7795 square kilometers using a ratio of 0.3125 (15 urban cells in 48 neighborhoods), which is 34% more than the urban growth using a ratio of 0.375. The results generated by a ratio of 0.5 had 25% fewer urban cells than when using 0.375. Moreover, with an urban ratio of 0.5 in the model, urban growth decreased, along with the increase in the size of the neighborhood.
After testing multiple neighborhoods with different urban ratios as the threshold in the model ( Figure S1d-f) , we picked three tests with results after the first simulation that were very similar to the urban land cover in 2005 and evaluated them. The first chosen test used a 3 × 3 neighborhood with an urban ratio of 0.25. The evaluation test produced a kappa coefficient of 0.79, which indicates that there is good agreement between the simulated result and the real urban land cover in the year 2005. The second chosen test used a 5 × 5 neighborhood and an urban ratio of 0.33. The kappa coefficient given by this test was 0.78, which is slightly lower than the first one, but it still demonstrates good agreement. The third test used a 7 × 7 neighborhood and 0.3125 as the urban ratio, and the kappa coefficient produced by the evaluation test was 0.77. All three tests had an overall accuracy of around 0.89 ( Figure S2) .
Then, we used simulated land use cover from 2005 as the input layer, and then we generated the land use cover for 2010 and 2015 with three sets of parameters. The results are shown in Tables 4 and  5 Figure S3 .
The simulated future urban pattern is similar to the historical urban area in 2010. Three major existing large urban clusters, including Beijing-Tianjin, Yangtze River Delta, and Pearl River Delta, were estimated to continue to expand. Capital and large cities in central provinces grow quickly, and Hohhot, Baotou, Xi'an, and Wuhan are expected to have large urban growth compared with a map from 2010.
According to the simulation, there will be an increasing trend in terms of the total urbanized area, and the simulated urban area in 2030 approaches 105,000 square kilometers, which is more than twice the observed urban area in 2010. The simulated results indicate a decreasing trend in urban growth rate, from around 38% in 2015 to 17% in 2030. The new urban growth is predicted to become smaller and smaller in the future (Table 6 ). 
Results
The new land use changes were shown to occur close to the edge of existing urban areas and enlarge the original urban area. Some non-urban areas in the interspace of urban areas were shown to quickly fill with urbanized spaces, which is true in reality: the area between two developed cities rapidly urbanizes and may form a small new city center. Good examples are the satellite cities of Shanghai, such as Jiading, Qingpu, Baoshan, and Songjiang [41] .
Discussion
CA models have inherent challenges associated with the use of parameters and their impacts on model results. Uncertainties in the model generated by those parameters are often ignored or not adequately addressed. This study examined the impacts of the neighborhood size and urban ratio on the generated model outputs using a visual comparison, the coincidence matrix with a KAPPA index. The results indicate that there are significant impacts from a changing neighborhood size and urban ratio on the simulated outputs.
Under the transition rule, a small neighborhood size results in a more dispersed pattern of urban growth. Under the rule of small neighborhood size, only a few urban cells are required to enable urban growth. Therefore, most urban growth occurs adjacent to existing land use, regardless of the patch size of the existing urban area. As the neighborhood size grows, it requires more urban cells to enable urban growth. A lot of small-sized urban patches that are far from large urban centers start to lose the ability to generate urban growth. The majority of urban growth starts to accumulate around the large urban centers. For a given neighborhood size, urban growth decreases as the urban ratio increases. Therefore, the urban ratio also has a significant effect on the model's output. Both neighborhood size and urban ratio require fine-tuning when using the model.
It is worth noting that the significance of urban models does not only lie in the results, but also in their individual behaviors and the settings of behavior rules. Through the process of developing models, we learn how each model functions. For urban simulation models, although the simulated results will never be perfect, planners can still get to know the specific kinds of factors which may influence urban growth and how those possible factors lead to actual land use changes.
This research demonstrates that the cellular automata model is appropriate for simulating urban growth in China. The calibrated model can predict the urban growth rate and spatial location of urban areas, but it still has flaws. The population data used to generate the suitability map is from the year of 2010, and it is stable throughout the whole simulation process. However, there is an obvious increasing trend of urban population in China during these years, which will have contributed to urban growth in terms of of both magnitude and spatial location. Therefore, the stable population embedded in the model will result in a conservative prediction of urban growth.
Although AHP was determined by expertise knowledge, it will still bring human subjective influence to the model outputs. In future research, logistic regression could be used to complement AHP weights. Furthermore, the urban growth in this model was endogenously generated by the CA model. Further growth constraints could be added to control the total area of urban growth. Multiple land use types could be introduced into the model.
Conclusions
This paper focused on the urban development simulation of China until 2030. GIS, multicriteria analysis, and AHP techniques were adopted, and an integrated simulation model was developed in combination with the traditional cellular automata model. The land suitability score was calculated based on seven factors, including distance to city centers, railroads, major roads, river, slope, population density, and GDP. Two parameter tests were carried out for the urban ratio and neighborhood size. As a result, a 5 ×5 neighborhood and an urban ratio of 0.33 were selected to generate the results. The spatial pattern of future urban growth in China will not change a lot, but more satellite cities will be built to connect existing urban centers. The total urban development will still increase and is expected to approach 105,000 square kilometers. However, the simulation indicates a decreasing trend in urban growth rate, from 38% in 2005 to 17% in 2030.
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